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The index of refraction governs the flow of light through materials. At visible and near infrared
wavelengths the real part of the refractive index is limited to less than 3 for naturally occurring
transparent materials, fundamentally restricting applications. Here, we carried out experiments
to study the upper limit of the effective refractive index of self-assembled metasurfaces at visible
and near-infrared wavelengths. The centimeter-scale metasurfaces were made of a hexagonally
close packed (hcp) monolayer of gold nanospheres coated with tunable alkanethiol ligand shells,
controlling the interparticle gap from 2.8 to 0.45 nm. In contrast to isolated dimer studies, the
macro-scale areas allow for billions of gaps to be simultaneously probed and the hcp symmetry
leads to large wavelength shifts in the resonance mode, enabling subnanometer length scale mech-
anisms to be reproducibly measured in the far-field. We demonstrate for subnanometer gaps, that
the optical response of the metasurfaces agrees well with a classical (local) model, with minor
nonlocal effects and no clear evidence of ligand-mediated charge transfer at optical frequencies.
We determine the effective real part of the refractive index for the metasurfaces has a minimum of
1.0 for green-yellow colors, then quickly reaches a maximum of 5.0 in the reds and remains larger
than 3.5 far into the near infrared. We further show changing the terminal group and conjugation
of the ligands in the metasurfaces has little effect on the optical properties. These results establish
a pragmatic upper bound on the confinement of visible and near infrared light, potentially leading
to unique dispersion engineered coatings.
∗ jake.fontana@nrl.navy.mil
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FIG. 1. (a) Schematic of the metasurface. (b) False-colored TEM image of a metasurface (C3). The average nanosphere
diameter, 13 ± 0.7 nm, can be used to scale the TEM image. Transmission (c) and reflection (d) true-color photos of a meta-
surface (C3). The metasurfaces were trimmed into 7 by 7 mm squares using a UV laser ablation system.
Recent advances in the understanding of the interactions between electromagnetic fields and matter has led to
the development of many exciting optical properties from plasmonic nanostructures. These structures separated
by nanometer size gaps can confine electromagnetic fields into spatial regions well below the diffraction limit,[1]
resulting in significant enhancement of the fields,[2] potentially leading to novel plasmonic sensors,[3–5] lenses,[6, 7]
nanolasers,[8–10] photovoltaics,[11] and nanoscale antennas.[12, 13]
To maximize the confinement of the electric field and ensuing optical properties such as the effective index of
refraction,[14, 15] classical theory predicts as the gap size between two plasmonic nanospheres approaches zero the
local field enhancement can become arbitrarily large, which is not physically possible, therefore breakdown of the field
must occur.[16] The onset for the breakdown of electric field (nonlocal response) in the gap between the nanospheres
in vacuum has been shown to experimentally occur at length scales comparable to or less than the atomic lattice
constant of gold (0.41 nm).[17, 18] Other experimental work reported if organic ligand spacers are placed in the gap,
that nonlocal[19] and full breakdown, allowing charge transfer for gaps as large as 1 nm, can be observed.[20, 21]
Yet, open questions remain as to the mechanisms that would facilitate charge transfer through the ligands at optical
frequencies and resulting charge-transfer plasmon modes.[22]
To investigate these subnanometer gap mechanisms, we created large-area metasurfaces using directed self-assembly.
The metasurfaces are comprised of a hcp monolayer of gold nanospheres coated with tunable alkanethiol ligand shells,
with interparticle gaps approaching atomic lattice length scales. We experimentally show that the optical response
of the metasurfaces agrees well with a classical model, with only small nonlocal effects. We demonstrate the effective
real part of the refractive index is as small as 1.0 at 555 nm and as large as 5.0 at 743 nm. Finally, we find changes to
the optical properties of the metasurfaces are negligible if the terminal group or conjugation of the ligands is varied.
RESULTS AND DISCUSSION
The metasurface geometry (Figure 1a) consists of a monolayer of hcp gold nanospheres coated with ligand shells of
tunable length on a glass substrate.[23, 24] The interparticle gap is controlled by varying the chain length of the alkane
thiol ligands. A mixture of equal length alkane chains with mono- and di-thiols was used. The monothiol ligands
bond to the surface of the gold nanospheres leaving the alkane chain exposed, providing a repulsive (entropic) force
aiding to prevent aggregation while dithiols provide an attractive force covalently bonding the nanospheres together.
The chain lengths were varied from C2 to C14, where the C−number indicates the number of carbon atoms in the
alkane chains.
A representative false-colored TEM image of a metasurface is shown in Figure 1b, validating the metasurfaces are
monolayers over macro-length scales while maintaining nanometer sized gaps. Photographs of a 0.5 cm2 metasurface,
backlit with white light, is shown in transmission (Figure 1c) and reflection (Figure 1d). The gold colored reflection is
a consequence of the dense packing of gold nanospheres and the spatially uniform blue color indicates the nanoparticles
are not aggregated (touching).
To quantify the interparticle gap for each metasurface, transmission electron microscopy (TEM) grids were prepared
by gently scooping the metasurfaces with the grids from the air-fluid interface as they were assembling. From the
TEM imagery, 1, 000 gaps were measured for each metasurface. The nanosphere diameter from all measurements
was determined to be 13 ± 0.7nm. The distribution of gap sizes is shown in Table 1 and the histograms in Figure
2. The gaps ranged from 2.8 nm for C14 down to 0.45 nm for C2. The metasurfaces hexgonally close packed at
nano- and micro-meter length scales, though the packing was amorphous at larger size scales. The full-width-at-half-
maximum (FWHM) values from the gap histograms in Figure 2 shows the gap uniformity decreased as the ligand
length increased.
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FIG. 2. False-colored TEM images (top) and interparticle gaps distributions (bottom) for ligand mixtures; C2 (1-
ethanethiol/1,2-ethanedithiol), C3 (1-propanethiol/1,3-propanedithiol), C6 (1-hexanethiol/1,6-hexanedithiol), C8 (1-
octanethiol/1,8-octanedithiol), C10 (1-decanethiol/1,10-decanedithiol) and C14 (1-tetradecanethiol/1,14-tetradecanedithiol).
TABLE I. metasurface gaps
ligand gap (nm) ∆gap (nm)
C2 0.45 ±0.14
C3 0.55 ±0.22
C6 1.1 ±0.46
C8 1.4 ±0.37
C10 1.6 ±0.48
C14 2.8 ±0.69
In addition to tuning the interparticle gaps using different ligand lengths, the introduction of the dithiol ligands
is a significant and key advancement over previous reports,[24] improving the uniformity and area of the metasur-
faces (Figure 1) and highlighting the need for both attractive and repulsive forces during the self-assembly process.
Moreover, the dithiols also mechanically strengthened the metasurfaces sufficiently to enable transfer to TEM grids,
thereby facilitating direct measurements of the interparticle gaps (Figure 2), which was only inferred for a single gap
previously.[24]
The gap size depends on the number of carbon atoms in the alkane chains, C (Figure 3a, black dots). The
interparticle gap has been shown to increase at 0.12C nm for hcp gold nanospheres coated with alkanethiols.[25, 26]
If it is assumed the dithiols ligands set the gap size due to the additional 0.24 nm Au-S bond offset, relative to the
monothiol ligand, and are interdigitated, then the gap size is expected to be of the form 0.12C + 0.48 nm (Figure
3a, solid black line). We find reasonable agreement between the theoretical prediction and the experimental data in
Figure 3a, demonstrating the gap size is predominantly set by the length of the dithiol ligands.
As the interparticle gap decreases, the enhancement of the electric field in the gap dramatically increases leading to
the absorbance peak wavelength red-shifting due to the increasing coupling strength between the individual nanosphere
modes.[27] The normalized experimental absorbance peak spectra from each metasurfaces is shown in Figure 3b. The
absorbance peak shifts by∼ 175 nm covering yellow (580 nm for C14) to near infrared red (775 nm for C2) wavelengths.
The quality factor (Q = peak wavelength/FWHM) of the absorbance peaks also remains large throughout.
Figure 3c relates the absorbance peak wavelength to the interparticle gap. The experimental peaks are represented
by the black dots. The uncertainty in the peak wavelength was determined by averaging measurements from 5 different
spatial positions (beam area∼ 4 mm2) on 3 separate metasurfaces for each ligand length. The uncertainty in the gap
sizes was determined from the TEM analysis (Table 1).
The onset for the breakdown of the electric field can be described using a nonlocal hydrodynamic model where the
local electric field in the gap is attenuated through the introduction of a β−parameter, which is proportional to the
Fermi velocity of the electrons. In the nonlocal model the electron current density, J, inside the metal induced by the
applied electric field, E, oscillating at frequency, ω, is given by,[19, 28, 29]
β2∇ (∇ · J) +
(
ω2 + iγβ
)
J = iωω2
p
ε0E (1)
where γ is the dampening coefficient, ωp is the plasma frequency of gold and ε0 is the permittivity of free space (see
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FIG. 3. (a) Interparticle gap as a function of the number of carbon atoms, C, in the alkane chains. (b) Normalized ex-
perimental absorbance spectra of the metasurfaces for each ligand length. (c) Experimental absorbance peak wavelength
(black dots) of the metasurfaces as a function of interparticle gap. Finite element simulations of the metasurface with hexag-
onally close packing of the nanospheres with a local response (thick solid black line), a nonlocal response (thin dotted black,
β = 1× 106 m/s; thin dotted grey, β = 3× 106 m/s lines), and local response from isolated dimers (thick solid grey line) as a
function of interparticle gap.
Methods section for details).
To understand the experimental absorbance peak shift as the gap decreases three-dimensional finite-element simula-
tions (COMSOL Multiphysics 5.3) of hcp metasurfaces with a classical (local) response and with the nonlocal response
were carried out (see Methods section for details). The thick solid black line in Figure 3c shows the model results of
the hcp metasurfaces with a local response, setting an upper bound on the field enhancements and absorbance peak
red-shift.
Equation 1 was directly incorporated into the local hcp metasurface model, introducing the nonlocal effects. The
nonlocal response is shown in Figure 3c. Two values of β were chosen; β = 1× 106 m/s (thin dotted black line) and
β = 1×106 m/s (thin dotted grey line). The nonlocal effects retrieved from the simulations for β = 1×106 m/s start
to become appreciable for gap sizes less than ∼ 1 nm. As β increases to β = 3× 106 m/s , the electric field inside the
gap is further attenuated, leading to a reduction in the absorbance peak wavelength shift. The experimental data is
in good agreement with the nonlocal simulations for β = 1 × 106 m/s.[22] On the contrary, when β = 3 × 106 m/s
the simulated data deviates significantly from the experimental results, especially for the subnanometer gap regime
where nonlocal effects are expected to be triggered.
The local response of an isolated dimer was also modeled in Figure 3c (thick solid grey line). The results show
the significance of the six-fold near-neighbor coupling from the hcp symmetry, relative to the single near-neighbor in
the dimer geometry, needed to red-shift the absorbance peak far enough to overlap with the experimental data. The
dimer evolution therefore places a lower bound on the absorbance peak shift.
For the larger gap sizes, > 1 nm (C8-C14), the absorbance peak wavelength is blue-shifted relative to the local
hcp metasurface model upper bound, yet shifted well above the local dimer lower bound. Since the nonlocal effects
are negligible for these gap ranges[22] it is assumed the reason is from non-ideal experimental hcp structures. This
assumption is supported by the data in Figure 2, showing the distribution of the gap sizes increases as the ligand
length become longer.
As the gap decreases below 1 nm (C6-C2), the nonlocal models can theoretically deviate significantly from the local
model depending on the value of β. While the nonlocal effects are present, the maximum difference between the local
model and the experimental data is only 14 nm for C2, less than a 2% difference.
The effective real part of the refractive index of a metasurface (C6) retrieved from the ellipsometry measurements
is shown in Figure 4a. The real part of the refractive index shows a minimum of 1.0 at 555 nm, a maximum of 5.0
at 743 nm and remains larger than 3.5 out to 1, 550 nm. Both the magnitude and dispersion of the refractive index
is large for these engineered metasurfaces, surpassing that of any known naturally occurring transparent material at
visible and near infrared frequencies.[14, 15, 24]
Figure 4b shows the evolution of n as a function of gap. As expected, the spectra red-shifts in wavelength as the
length of the ligand decreases from C14 to C2. The largest (5.0) refractive index occurs for a gap of 1.1 nm (C6)
and not at the smallest gap of 0.45 nm (C2) as expected if the response was purely local. From Figure 2, C6 has a
larger gap size distribution, relative to C3 and C2, implying a lower quality hcp structure, consequently the extreme
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FIG. 4. Real (a) and imaginary (c) parts of the effective refractive index of a metasurface (C6) obtained from spectroscopic
ellipsometry measurements (solid black line). The grey area is the uncertainty. Real (b) and imaginary (d) parts of the effec-
tive refractive index of the metasurfaces as a function of ligand length.
TABLE II. metasurface ligands
ligand abs. peak (nm) FWHM (nm) Q
C3 724 191 3.8
C3− di 728 191 3.8
C3−mono 702 168 4.1
BZT 710 215 3.3
enhancement for C6 is not due to a reduction in packing efficiency for gap sizes below 1 nm. The C6 gap length scale
is consistent with the established local-to-nonlocal crossover regime, ∼ 1 nm;[19] therefore, a plausible explanation
for the extreme enhancement for the C6 metasurface is that an upper bound has been reached for the electric field
enhancement, and resulting refractive index, before nonlocal effects become noticeable, in agreement with Figure 3.
The effective imaginary part of the refractive index of a metasurface (C6) retrieved from the ellipsometry measure-
ments is shown in Figure 4c. The peak maxima occurs at 629 nm with a quality factor of 4.3. The figure of merit, n/k,
at the peak maxima peak is 0.7. However, the imaginary part of the refractive index drops close to zero approaching
near infrared wavelengths, while the real part of the refractive index remains large. As a consequence, the figure of
merit is 28.5 at 1, 550 nm, forty times larger than at visible wavelengths, which may have useful telecommunication
application consequences.[30] Figure 5d shows the peak of the imaginary part of the refractive index red-shifting as
the gap decreases, in agreement with absorbance data collected in Figure 3c.[27]
Subtle differences in ligand composition are known to dramatically influence the electrical properties through the
ligand at low frequencies, e.g. the electrical conductivity decreases by four orders of magnitude if di-thiol alkane
ligands are replaced with mono-thiols.[31] An unresolved issue is the effect ligands have at higher frequencies on the
optical response.[22]
To determine how the terminal ends of the ligands influence the optical response of the metasurfaces, ligands with
alkane or thiol end groups were exchanged. The ligand shells were composed solely of mono- (1-propanethiol (C3-
mono)) or di-thiols (1,3-propanedithiol (C3-di)) and compared to the standard mixed ligand shells (1-propanethiol/1,3-
propanedithiol (C3)). Furthermore, to understand the role of ligand conjugation, the alkane ligand cores were replaced
with a highly conjugated core; 1,4-benzenedithiol (BZT).
Figure 5a shows the experimental absorbance spectra for the C3, C3-di, C3-mono and BZT metasurfaces. Unsur-
prisingly, the C3-di absorbance spectrum closely matches the C3 spectrum, since the di-thiol ligands set the gap size,
with similar peak wavelengths and quality factors, see Table 2.
For the C3-mono case in Figure 5a, the peak wavelength is slightly blue shifted by 3%(22 nm) relative to the C3
peak, which is expected if tunneling is occurring. However, the quality factor for C3-mono is larger (4.1) compared to
the C3 metasurface (3.8), which is not expected if tunneling is occurring, since it would broaden the C3-mono peak
and decreases the quality factor less than C3.[22, 28, 32, 33] Moreover, it is well established that mono-thiols are
significantly more insulating than di-thiols at low frequencies in molecular junctions.[31] This relationship is expected
to hold at elevated frequencies.[20]
Entropic forces are anticipated to dictate the packing of the C3-mono nanospheres during the metasurface assembly
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FIG. 5. (a) Normalized experimental absorbance spectra for the C3, C3-di, C3-mono and BZT metasurfaces. The grey area
is the uncertainty. Effective real (b) and imaginary (c) refractive index of the BZT metasurface.
process, due to the absence of the additional thiol. Therefore, it is reasonable the C3-mono ligands are not interdigi-
tated, as in the C3 and C3-di cases, leading to the gap being approximately twice the ligand length. The C3 gap was
experimentally determined to be 0.5 ± 0.22 nm (Table 1). If it is assumed the C3-mono gap is twice the C3 gap or
approximately 1 nm, then the absorbance peak wavelength is in reasonable agreement to the local response model in
Figure 3c. If the gap is assumed to be only one ligand length in size, or approximately 0.6 nm, it would correspond
closely to the β = 3× 106 m/s evolution, in disagreement with all the other experimental evidence.
Significantly effort was made to transfer the C3-mono metasurfaces to TEM grids to enable direct imaging of the
gaps. Due to a lack of an attractive di-thiol mechanism between the nanospheres during the self-assembly process, the
C3-mono nanospheres packed very poorly on the TEM, leading to unreliable gap distribution measurements. Without
the availability of reliable TEM imagery direct conclusions cannot be drawn on the uniformity of the hexagonally
close packing, yet if the packing were not uniform, the quality factor would be expected to be smaller than the C3
metasurfaces. This indirect evidence implies the C3-mono metasurface are well packed with uniform gaps. Based on
all the evidence above, the C3-mono metasurfaces are unlikely to be transferring charge at optical frequencies.
The BZT metasurface absorbance spectrum is shown in Figure 5a. The BZT absorbance peak wavelength is blue
shifted by 2% (14 nm) relative to the C3 metasurface, but red shifted by (8 nm)compared to the C3-mono metasurface
(Table 2), which falls within the experimental uncertainty window. The quality factor for the BZT metasurface is 13%
smaller than the C3 and 20% smaller than the C3-mono metasurfaces, due to an increased FWHM . The increased
FWHM can be a consequence of non-uniform hcp packing, or it may also be a consequence of tunneling.[22, 28, 32, 33]
As in the C3-mono case, reliable gap distribution measurements were not possible for the BZT metasurfaces due to
inability to transfer the metasurfaces well onto the TEM grids.
To unravel the origins of the increased FWHM for the BZT metasurface the effective real and imaginary refractive
indices were determined from spectroscopic ellipsometry measurements and are shown in Figure 5b and 5c, respectively.
A previous experimental report demonstrated that if charge is transferred between nanoparticles interconnected
with BZT, then a secondary near infrared absorbance peak emerged.[20] Theoretical investigations for nanospsheres
bridged with BZT also showed the primary absorbance peak blue shifts and broadens and a secondary near infrared
absorbance peak can emerge, but is highly dependent on the conductivity of the molecular junction and geometry of
the nanoparticles.[22] From the imaginary part of the refractive index in Figure 5b we find no evidence of a secondary
near infrared absorbance peak as far out as 1, 550 nm. Based on the minimal absorbance peak blue shift and slight
broadening, as well as the lack of an additional absorbance peak, these results suggest the BZT metasurfaces are also
not likely to be transferring charge at optical frequencies and the increased FWHM is a consequence of non-uniform
nanosphere packing.
CONCLUSIONS
In summary, using large-area, self-assembled metasurfaces with tunable interparticle gaps approaching length scales
comparable to the atomic lattice constant of gold, we experimentally showed that the optical response agrees well
with a classical model. We demonstrated that the optical response of these metasurfaces are relatively inert to the
degree of conjugation and terminal end groups of the ligands, finding no conclusive evidence of charge transfer at
optical frequencies. These results imply that a straightforward classical model is sufficient to describe the linear
optical response of most pragmatic plasmonic systems. Finally, we demonstrate a upper bound on the confinement
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of light using these metasurfaces, leading to optical properties well beyond that of any known naturally occurring
transparent material at visible and near infrared wavelengths, with the effective real part of the refractive index as
small as 1.0 at 555 nm and as large as 5.0 at 743 nm.
METHODS
Assembly. Gold nanospheres were also commercially acquired from Ted Pella, Inc. To direct the assembly of
the metasurfaces an aqueous suspension of gold nanospheres, at an optical density of OD∼ 1 in 1 cm (measured
at the abs. peak) and stabilized in a sodium citrate solution, is mixed into a 20 ml scintillation vial containing a
tetrahydrofuran solution (1 ml) with mono- and di-thiol alkane ligands in equal proportions (10 µl of ea.). For the
ethanethiol cases the ligand volumes were doubled. Upon thoroughly mixing, glass substrates (cleaned in potassium
hydroxide dissolved in methanol at a concentration of 5%(w/v)) were then placed into the vial and wetted with the
reaction solution. The ligands begin to bind to the surface of the nanospheres causing the ligand coated nanospheres
to phase separate from the water and tetrahydrofuran suspension to the air-fluid interface. Surface tension gradients,
arising from different vapor pressures between the water and tetrahydrofuran, carry the functionalized nanoparticles
onto a pre-wetted glass substrate creating macroscopic monolayer metasurfaces. The process was repeated for each
ligand type and the metasurfaces were dried overnight. For the metasurfaces assembly process with solely mono- or
di-thiols, 20 µl of each were used and 5 mg for the benzenedithiol case.[23, 24]
Characterization. An unpolarized white light source (HL-2000) was used to probe the metasurfaces and the light
was collected with optical fiber (OceanOptics QP400-1-VIS-NIR) coupled into a spectrophotometer (OceanOptics
QEPro). Transmission electron microscopy (TEM) images were obtained using a JEOL JEM-2200FS field emission
electron microscope with 200 kV accelerating voltage. TEM samples were prepared by placing a ∼ 10µl drop of the
sample suspension onto carbon coated copper grid, wicked off with lens paper, and allowed to dry overnight. The
effective real, n, and imaginary, k, parts of the refractive index of the metasurfaces were determined as a function of
gap from ellipsometry measurements (J.A. Woollam Co., V-VASE). The reflection measurements were measured off
the air-nanosphere interface at an angle of 60◦ with wavelengths ranging 400− 1, 550 nm and scotch tape was placed
on the backside (glass-air) surface to scatter any secondary reflections. By comparing the measured spectroscopic
ellipsometry angles Ψ and ∆ (averaged over 5 different spatial positions for 3 metasurfaces per gap size with a beam
area of 7 mm2) to a 3 layer model, composed of the glass substrate, gold nanospheres and an ambient layer the optical
response for each metasurface was determined. The modeled layer was assumed to be homogenous since it is deeply
sub-wavelength and was set to a thickness equal to the diameter of the gold nanospheres, 13.3 nm, plus twice the
ligand length. Gaussian oscillators were selected to model the dielectric function as they ensure a Kramers-Kronig
consistent line shape. A total of 6 Gaussian oscillators were used to fit, along with 1 offset and 2 poles located outside
of the collected data.
Simulations. The local and nonlocal numerical full-wave simulations were carried out using the commercial finite-
element simulation software COMSOL Multiphysics. The symmetry and periodicity of the proposed metasurface
was used to reduce the three-dimensional simulation domain. The metasurface was illuminated with linear polarized
waves and the reflectance (R) and transmittance (T ) spectra were computed. The calculated absorbance spectrum
was given by A = 1−R−T . In addition, we assumed that the periodically arranged gold nanospheres were coated with
alkanethiol ligand with refractive index 1.44. The metasurface is placed on top of a semi-infinite glass substrate with
refractive index 1.53, similar to the experimental set-up. The nonlocal electromagnetic response of metals (gold in
this case) can be described by the hydrodynamic model.[19, 34] In this case, the nonlocal free electron current density
J inside the metal induced by the applied electric field, E, oscillating at frequency ω, is given in frequency domain by
the equation: β2∇ (∇ · J)+
(
ω2 + iγβ
)
J = iωω2
p
ε0E, where the dampening coefficient γ and the plasma frequency ωp
of the dispersive permittivity of gold were obtained from experimental data[35] and the β parameter is proportional to
the Fermi velocity of electrons in gold.[19] The nonlocal current density J is computed by using the weak form partial
differential equation module of COMSOL. Then, the calculated current density J is introduced as a weak contribution
to the frequency domain electromagnetic solver of COMSOL. More specifically, this weak contribution is added as
an additional polarization term in the electromagnetic wave equation: ∇× ∇× E − k2
0
E = iωµ0J , which is solved
by the frequency domain electromagnetic solver of COMSOL. Finally, the continuity of the normal component of the
electric displacement field between gold and the surrounding dielectric (ligand) needs to be manually introduced at
the weak form module of COMSOL as an additional Dirichlet boundary condition. This is due to the presence of
spatial derivatives in the nonlocal free electron current density equation.
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